Morphological studies have provided ample evidence for synaptic connections between cerebellar Purkinje cells (PCs), but the functional properties of these synapses remain elusive. We report on direct recordings of synaptically connected PCs in mice cerebellar slices. In PCs filled with a fluorescent dye to aid axon visualization and postsynaptic target identification, presynaptic action potentials elicited unitary inhibitory postsynaptic currents in neighboring PCs in 10% of potential connections tested. In 11 pairs, postsynaptic currents had a delay onset of 1.62 ؎ 0.16 ms with respect to the presynaptic spike, a 10 -90% rise time of 2.20 ؎ 0.33 ms, and a monoexponential decay with a time constant of 13.3 ؎ 1.7 ms. Average values for peak current and variance-to-mean ratio were 55 ؎ 14 and 30 ؎ 3 pA, respectively. In contrast to the depressing nature of the synapse between PCs and deep cerebellar nuclei neurons, PC-PC synapses exhibited strong facilitation operating within a time window of a few milliseconds; paired-pulse ratios for 3-and 20-ms intervals were 1.79 ؎ 0.18 and 1.01 ؎ 0.14, respectively (n ‫؍‬ 6). The facilitation is of presynaptic nature because it is accompanied by a decrease in failure rate. Trains of action potentials evoked in presynaptic varicosities volume-averaged calcium transients whose peak increased 1.7-fold as the frequency increased from 50 to 166 Hz. We suggest that PC-PC synapses are tuned for high fidelity of transmission during bursts of PC activity and that their operation in the cerebellar circuit modulates synchronized PC firing.
M
ore than a century has elapsed since classical anatomical studies by Golgi revealed a surprising feature of Purkinje cells (PCs), namely the formation by their axon collaterals of profuse ramifications along the parasagittal plane extending from the granule cell layer into the PC layer of the cerebellar cortex (reviewed in ref. 1) . The nature of this cortical plexus has since been the subject of many studies. Ramon y Cajal (2) , based on light microscopy of mammalian and bird cerebellum, suggested that PC axon collaterals terminate in PCs and in other neurons of the molecular layer. In rodents, more recent work has described the development of the plexus (3) (4) (5) and provided ultrastructural evidence for the synaptic nature of the contacts made by PC collaterals (refs. 6 and 7 and see review in ref. 1) . For PC-PC synapses some uncertainty remains as to the cellular compartment targeted by the collaterals. In mice, synaptic boutons were found on PC dendrites but not over PC somata (6) , whereas in rat both PC regions receive PC synapses and clusters of boutons occur over PC somata (7) . The boutons are large, up to 3 m in diameter in adult mice, but quantification on the number of release sites per bouton is not available. A distinctive feature of PC-PC contacts is their wide synaptic cleft, 2-fold larger than the usual value of 125 Å (7) .
Despite the precocity and abundance of anatomical evidence for synapses formed by PC axon collaterals, very little functional data have been reported so far that can be related to these synapses. Early in vivo work in cats indicated that, in chronically deafferented cerebella, where confounding effects of mossy fiber or climbing fiber stimulation can be discarded, white matter stimulation induces antidromic spikes in PC axons and subsequent inhibition of PC firing caused by synaptic contacts between the collaterals and PCs. Furthermore, when field potentials were recorded in response to pairs of stimulus at short intervals, small spike potentials were found at depths close to the PC layer and were interpreted as reflecting action potentials propagating in the supraganglionic plexus formed by PC axon collaterals (8) . Inhibition of basket cells (BCs) after PC spiking has also been attributed to direct inhibition by PC collaterals (9, 10) . Thus, it is most likely that both PC-PC synapses and PC-BC synapses are inhibitory, and that these synapses contribute to shape the pattern of PC firing along the parasagittal plane in one cerebellar folium. In the present work, we demonstrate PC-PC synapses directly from whole-cell recordings of synaptically connected pairs and describe some of the properties of the postsynaptic currents. Using two-photon laser microscopy, we analyze basic features of the associated presynaptic Ca 2ϩ transients.
Results
Train Inhibitory Postsynaptic Currents (IPSCs) at PC-PC Synapses. To identify potential PC-PC connections, a first whole-cell recording was established on a PC with a pipette containing the fluorescent dye Alexa 488 (see Materials and Methods). After waiting for Ϸ15 min to allow dye diffusion, the axon was followed from the soma into the granule cell layer where a collateral returning to the PC layer was identified. Synaptically connected PCs were found in 14 cases, 10% of the pairs tested. The somata of connected pairs were separated by 66.5 Ϯ 11.4 m (centerto-center measurements). In the 14 pairs recorded, the distance from the axon hillock to the branch point from which the collateral forming the potential presynaptic boutons originated was 87 Ϯ 10 m. The collateral deviated sharply from the original axon path making a wide angle (126 Ϯ 4°) with that direction, and thereof returned to the PC layer. In 12 of 14 cases, the collateral left on the side of the folium leading to the deep cerebellar nuclei (DCN). We note that the morphological parameters have a small cell-to-cell variability, indicative of a highly stereotyped circuit. If varicosities were observed near a potential postsynaptic PC, this second PC was submitted to whole-cell recording (Fig. 1A ). IPSCs were elicited as detailed in Materials and Methods, by stimulating the presynaptic PC with a 1-ms depolarization to Ϫ10 mV, which generated a propagated action potential. The ensuing IPSCs had an average onset delay of 1.62 Ϯ 0.16 ms with respect to the peak of the presynaptic inward current and a 10-90% rise time of 2.20 Ϯ 0.33 ms. IPSC decay was well described by a single exponential function with a time constant of 13.3 Ϯ 1.7 ms (n ϭ 11; example in Fig. 1B) . With an isotonic postsynaptic Cl Ϫ concentration, average unitary IPSCs were of modest size (peak current of 110 pA in the example of Fig. 1B ; all averages include failures). However, because PCs can generate high-frequency bursts of action potentials both in vivo (11) and in vitro (12) , short trains at frequencies of 50-200 Hz were investigated. In response to such presynaptic trains, IPSCs summated at first and reached a plateau after a few stimuli (four in the case of Fig. 1C) . Thus, PC-PC synapses efficiently transduce signals associated with short trains of presynaptic action potentials. IPSCs were reversibly blocked by application of bicuculline or gabazine (n ϭ 1 and 2, respectively; data not shown), indicating that the currents are generated by GABA A receptors. Because postsynaptic PCs were dialyzed with a Cs ϩ -containing solution, we cannot provide any information on the possible activation of GABA B receptors.
Stochastic Properties of IPSCs at PC-PC Synapses. Fig. 2A illustrates trial-to-trial variations at a typical PC-PC synapse. In this recording, 10 of 79 traces had amplitudes of Ͻ15 pA and were classified as failures following criteria detailed in Materials and Methods. Successful events ranged from 20 to 180 pA. The amplitude histogram displayed a broad peak near 60 pA and was well separated from the histogram of blank measurements (Fig.  2 A) . Mean peak currents calculated from this and similar experiments gave values ranging between 8 and 150 pA, with an average of 55 Ϯ 14 pA (n ϭ 11; Fig. 2B ). Corresponding variance-to-mean ratios ranged between 14 and 45 pA, with an average of 30 Ϯ 3 pA (Fig. 2B) . Variance-to-mean ratios give a valuable estimate of the mean quantal size q, provided that this quantal size does not vary markedly among release sites, and that the synapse operates away from saturation. In PC-PC synapses, two lines of evidence suggest that the second of the above conditions is likely fulfilled. First, despite the fact that synapses contain several varicosities (mean value of visualized boutons over the target cell, N b ϭ 2.6 Ϯ 0.3), failures were observed in all experiments, with a mean failure rate of 32 Ϯ 5% (n ϭ 9). Second, paired-pulse experiments indicate that the probability of release can be increased at least by 79%. The above estimate of q (30 pA) can be refined by taking into account correction factors linked to the spread of q values among release sites and to partial saturation of the release process (13) . Specifically, q ϭ (r ϩ m/N)/C, where r is the variance-to-mean ratio, m is the mean current (including failures), N is the number of release sites, and C is a correcting factor equal to 1 ϩ CV 2 , CV being the coefficient of variation of individual q values among release sites. A lower limit can be placed on N because the number of boutons Pooled data from 11 PC-PC pairs showing a lack of correlation between the variance-to-mean ratio (F) and the mean current (E) and the time elapsed since the establishment of the whole-cell recording configuration. WCR, whole-cell recording.
N b was determined for each recorded pair. Given that electron microscopy shows that each bouton contains several release sites (7) , N is larger than N b . Under these conditions, the above equation yields r/C Ͻ q Ͻ (r ϩ m/N b )/C. A likely value for CV (0.558) is provided by results obtained at synapses between molecular layer interneurons (MLIs) in the cerebellum (14) , giving C ϭ 1.31. With this value, the above equations can be used in individual experiments to calculate lower and upper estimates of q, giving, respectively, 22.9 Ϯ 2.4 and 45.8 Ϯ 12.2 pA (n ϭ 10). An upper boundary for the release probability at individual sites, p, is p b , the release probability of one bouton. p b can easily be calculated from the failure rate, F, because
Nb . Inverting this equation gives p b ϭ 1 Ϫ exp((1/N b ) LogF). The mean for p b across experiments is 0.45 Ϯ 0.05 (n ϭ 10) and is therefore an upper estimate of p.
Because the amplitude of IPSCs decreases with time of presynaptic whole-cell recording at MLI-PC synapses, we were concerned that the relatively low current amplitude values for PC-PC synapses could result from the delay required to find presynaptic varicosities and identify a potential postsynaptic PC. However, a plot of the mean amplitude of the (initially found) IPSC peak and variance-to-mean ratio as a function of presynaptic whole-cell recording time failed to reveal any correlation (Fig. 2B ). In addition, we found that rundown did occur, but that its rate was strictly determined by the extent of presynaptic stimulation and remained small with our standard stimulation rate (0.25 Hz; results not shown). Overall, it appears unlikely that washout could have seriously affected the present data.
PC-PC Synapses Display a Marked, Quickly Recovering Facilitation.
Applying paired-pulse stimulation protocols elicited remarkable results at PC-PC synapses (Fig. 3) . For very short interpulse intervals (3 ms), a marked facilitation was observed (Fig. 3A  Top) . But the extent of facilitation fell off abruptly with the duration of the interpulse interval ( Fig. 3A Middle and Bottom), so that no significant facilitation or depression was found at intervals of 20 ms or longer (Fig. 3B) . To test whether the facilitation had a presynaptic or postsynaptic origin, we examined the failure rate in paired-pulse experiments. For intervals of 3 ms, the failure rate fell between the first and the second stimulus from 28 Ϯ 8% to 10 Ϯ 7% (n ϭ 6), a highly significant difference (P Ͻ 0.001, paired t test). For longer interpulse intervals, there was a significant decrease in failure rate for the second stimulus at 10-ms intervals (to 18 Ϯ 6%, P Ͻ 0.05) whereas values were similar to controls for longer intervals (32 Ϯ 10% for 20 ms, 28 Ϯ 7% for 40 ms, and 28 Ϯ 8% for 100 ms) in accord with the short lifetime of the facilitation. The ratio of the peak amplitude from averages of sweeps in which the IPSC failed in the first stimulation to the peak amplitude from averages of all sweeps was near unity (1.01 Ϯ 0.17 for intervals of 3 ms), indicating that the decrease in failure rate was not accompanied by a change in postsynaptic receptor properties. We conclude from these results that the facilitation shown in Fig. 3 is presynaptic.
Kinetics of Activity-Driven Ca 2؉ Transients at Single Terminals of PC Axon Collaterals. During action potential firing, the proximal part of PC axons is known to experience changes in the concentrations of intracellular Ca 2ϩ (15) and Na ϩ (16) . No information is yet available as to the ion changes in the terminal regions of PC axons. We therefore studied volume-averaged Ca 2ϩ -dependent fluorescence transients at single presynaptic varicosities of PC collateral endings. To this end, PCs were loaded with the Ca 2ϩ -sensitive dye Oregon Green 488 BAPTA-1 (OG1; 100 M), and fluorescence transients were measured in terminals onto neighboring PCs. Responses to trains of eight action potentials applied at increasing frequencies are displayed in Fig.  4 . In this experiment three boutons (squares in Fig. 4A1 ) were analyzed in terms of the relative changes in fluorescence relative to prestimulus signals (⌬F/Fo) as a function of time, giving similar results. The peak ⌬F/Fo reached at the end of an eight-action potential train at 50 Hz was 38 Ϯ 6% (n ϭ 5), compared with 100-150% in response to a four-action potential train at the same frequency in MLIs (17, 18) . This finding indicates that Ca 2ϩ signals averaged over varicosities are significantly weaker at PC terminals than at MLI terminals. In PC terminals, the ⌬F/Fo signal increased with frequency from an average value of 38 Ϯ 6% at 50 Hz to 64 Ϯ 11% at 166 Hz (n ϭ 5; see example in Fig. 4A2 and summary data in Fig. 4B) . A plot of the values obtained after each action potential for the 50-Hz train displayed saturation (Fig. 4C) , whereas the value obtained at the end of the 166-Hz train matched the prediction of linear summation derived from the first two stimuli at 50 Hz (blue line in Fig. 4C ). This result indicates that saturation at 50 Hz was not caused by decreased Ca 2ϩ influx with stimulus number, but that it was rather a consequence of increased elimination of incoming Ca 2ϩ ions during the train. At all frequencies, the decay of the fluorescence transients was biphasic (Fig. 4A2) . After scaling, however, the decay was markedly faster for the higher-frequency trains than for the slower trains. Thus the time to half decay decreased from 122 Ϯ 8 ms for 50-Hz trains down to 85 Ϯ 15 ms for 166-Hz trains (P Ͻ 0.05, n ϭ 5; paired t test).
Discussion
Compared with MLI-PC synapses, PC-PC synapses appear relatively weak in slice preparations. The prevalence of connected PC-PC pairs was frustratingly low, whereas by comparison, MLI-PC pairs are very easily found in slices (19) . However, this outcome should not lead us to underestimate the weight of PC-PC synapses in vivo. The proportion of connected PC-PC pairs may be artificially low in slices because, in many anatomically connected pairs, damage inflicted by cutting part of the axon arborization during the slicing procedure may have made the remaining PC-PC connections nonfunctional. On the other hand, the functional properties of the synapses were quite homogeneous, making it unlikely that the results presented here reflect a mixture of intact and disturbed synaptic contacts. Considering connected pairs, average responses to single stimuli are Ϸ1.5 times smaller for PC-PC synapses than for MLI-PC synapses studied in rat at postnatal days 16-21, and corresponding variance-to-mean ratios differ by a factor of 2.7 (ref. 20 ; caution must be observed because of potential species differences). A common feature of MLI-PC and PC-PC synapses at the ages studied here is the relatively high failure rate, in the 30% range (ref. 20 and our results), which could suggest failures of action potential propagation along the corresponding axons (reviewed in ref. 21) . At MLI-PC synapses, however, imaging of intracellular Ca 2ϩ rises showed that action potentials reliably propagate to synaptic varicosities, thus providing evidence against this mechanism (22) . Because of signal-to-noise limitations, we were unable to detect Ca 2ϩ signals at PC boutons in response to a single action potential without resorting to averaging over trials, thus precluding a direct test of the failure of action potential propagation hypothesis.
Even though PC-PC synapses have relatively modest responses to individual stimuli, they display unique short-term plasticity properties that make them highly efficient transducers of brief train stimuli. Furthermore, our results indicate that these properties differ from those of the synapses made between PCs and their target neurons at the DCN. We find that PC-PC synapses facilitate for short interpulse intervals, whereas the paired-pulse ratio for PC-DCN synapses is close to 1 in organotypic cultures (23, 24) , and the synapse is strongly depressing in acute slices from rats (25) and mice (26, 27) . Concerning train behavior, PC-DCN synapses show moderate (23) or substantial (26, 27) depression during trains, which contrasts with the summating response to trains found in the present work (Fig. 1) . The difference between paired-pulse ratios at PC-PC synapses and at PC-DCN confirms the previous finding that a single neuron can display various short-term synaptic plasticity properties at different terminals (28, 29) .
The time constant of recovery from paired-pulse facilitation apparent from the results in Fig. 3 is close to 10 ms, whereas at most central synapses the corresponding time constant is markedly slower, with a typical value of 100 ms (review in ref. 30 ). Paired-pulse facilitation is attributed to residual Ca 2ϩ (30) , and one of the mechanisms proposed to explain this change in synaptic strength is local saturation of a high-affinity buffer (31) . Experimental data in favor of buffer saturation are available at several central synapses (ref. 29 and reviewed in ref. 32) , and recent evidence indicates that the Ca 2ϩ binding protein calbindin-D28k (CB-D28k) plays this role in two specific central synapses (33) . The duration of paired-pulse facilitation could correspond to the duration of the Ca 2ϩ -CB-D28k complex, which from work in recombinant human CB-D28k can be estimated at Ϸ25 ms (34), close to the time constant of decay for facilitation at PC-PC synapses. Because CB-D28k is a highaffinity buffer, its presence will curtail the peak amplitude of volume-averaged Ca 2ϩ rises, explaining the smaller amplitude of signals elicited by action potentials in PC terminals as compared with MLIs, which lack CB-D28k. In addition, saturation of a high-affinity buffer could explain the acceleration of the decay of Ca 2ϩ signals as a function of stimulation frequency and the sublinear summation apparent in Fig. 4C . As the buffer saturates, Ca 2ϩ ions become available to extrusion systems, thus speeding the return of Ca 2ϩ concentration to baseline (35) . OG1 saturation cannot account for this effect because PC's intrinsic buffering capacity is orders of magnitude larger than that of the OG1 concentration used in our experiments (36) . It is therefore likely that the buffer undergoing saturation is endogenous; CB-D28k is a primary candidate given its large concentration in PCs (reviewed in ref. 37 ) and its functional impact on Ca 2ϩ signaling at the somato-dendritic compartment of these neurons (38) (39) (40) (41) . The other Ca 2ϩ binding protein present in PCs, parvalbumin, probably contributes to the biphasic decay of presynaptic Ca 2ϩ transients, as is the case in parvalbumin-containing MLIs (18). What may be the impact of PC-PC synapses for cerebellar information processing? Groups of PCs aligned along the direction of the parallel fibers fire simple spikes synchronously upon peripheral stimulation (42) . The inhibitory nature of PC-PC synapses could contribute to sharpen the boundaries of such PC domains. Gap junctions may also contribute to synchronization because connexins and pannexins are expressed in PCs (43, 44) . PC-PC synapses could also be implicated in oscillatory activity. Low-frequency oscillations (in the 10-Hz range) are a basic feature of the inferior olive-cerebellar circuit and engage rhythmic PC firing during certain motor behaviors (reviewed in ref. 45 ). Higher-frequency oscillations caused by correlated PC firing were reported in mice deficient for CB-D28k and/or calretinin and interpreted as a network phenomenon arising from the combined action of the parallel fiber system and MLIs (46) . Interestingly, deletion of CB-D28k was sufficient to induce the oscillations. Because PCs are the only neurons in the cerebellar cortex that contain this protein, PC-PC synapses are possibly involved. A recent theoretical review (47) raised this possibility, making its feasibility contingent on experimental confirmation for the functional existence of PC-PC synapses. Our work unequivocally shows that recurrent PC collaterals are functional in rodent cerebellum. Furthermore, the average delay between the presynaptic action potential and the IPSC obtained here (1.6 ms) predicts a preferred oscillation frequency of 156 Hz, a value strikingly close to 160 Hz, if the relation between this delay and resonant frequency, which has been ascribed to purely inhibitory networks, applies (48) . Because the 160-Hz oscillations are weak in WT mice compared with their CB-D28k-lacking counterparts, we suggest that CB-D28k is capable of regulating the strength of the synapse, such that in WT animals the synaptic weight is insufficient to generate the oscillatory phenomena. It follows that activity-dependent changes in the concentration or Ca 2ϩ -binding ability of CB-D28k could have profound effects on the functioning of the cerebellar circuit.
Materials and Methods
Preparation and Electrophysiological Recordings. Sagittal cerebellar slices (250 m thick) were prepared from C57Bl6 mice aged 15-19 days, anesthetized with halothane before decapitation, in accordance with guidelines from our host institution. Slices were maintained at 34°C for 40 min before use, in a solution containing: 125 mM NaCl, 2.5 mM KCl, 1.25 mM NaH 2 PO 4 , 26 mM NaHCO 3 , 2 mM CaCl 2 , 1 mM MgCl 2 , and 10 mM glucose, equilibrated with a 95% O 2 -5% CO 2 mixture (pH 7.3). The same saline was used to perfuse the bath (1.5 ml/min at 22-24°C) during experiments. To obtain pairs of synaptically connected PCs, whole-cell recordings were performed either with a Kgluconate solution supplemented with GABA to decrease potential rundown of GABA release (presynaptic solution) or with a CsCl solution to maximize the signal-to-noise ratio of IPSCs recordings (postsynaptic solution). The presynaptic solution contained: 144 mM K gluconate, 4.6 mM MgCl 2 , 10 mM Hepes-K, 10 mM GABA, 0.1 mM EGTA-K, 0.4 mM Na-GTP, 4 mM Na-ATP, and 40 M of the fluorescent dye Alexa 488 (Molecular Probes, Leiden, The Netherlands). The postsynaptic solution contained: 125 mM CsCl, 4.6 mM MgCl 2, 10 mM Hepes-Cs, 10 mM EGTA-Cs, 1 mM CaCl 2 , 0.4 mM Na-GTP, and 4 mM Na-ATP. Pipette input resistances were 3.5-5 and 2.5-3.5 M⍀ in presynaptic and postsynaptic recordings, respectively. Corresponding values of series resistances were 6-11 and 3-8 M⍀. Presynaptic and postsynaptic membrane potentials were held at Ϫ70 and Ϫ60 mV, respectively. Shortly after establishing the whole-cell recording configuration, 10-mV hyperpolarizing pulses of 20-ms duration were applied to verify that the resulting current displayed the distinctive feature of PCs, namely a biphasic capacitive transient with well separated time-dependent components reflecting the loading of somatic and dendritic compartments (49) . The fast component of the transient was cancelled, and 70-80% of the series resistance was compensated for as described (49) .
To visualize PC axons, images from 20-ms illuminations at 488 nm were acquired with a digital imaging system consisting of a monochromator and a cooled CCD camera (TILL Photonics, Planegg, Germany). Axon search started after 3 min in wholecell recording, at which time it was possible to determine whether the axon was cut close to the cell soma. To increase the probability of maintaining an intact axon, PCs whose somata were located in the second or third cell layer from the surface were selected for patching. If the axon initial segment was intact (65% of PCs tested), search for the axon collateral followed after waiting for 15 min to allow for dye diffusion. This collateral was found in 136 PCs, 77% of the neurons recorded with an intact axon. In all of those cases, axon varicosities adjacent to a PC somata were identified. The potential target was then subject to whole-cell recording. To test for a functional connection, 20 presynaptic stimulations (1 ms to Ϫ10 mV) were applied at 4-s intervals from the holding potential of Ϫ70 mV. This protocol always resulted in large transient inward currents, reflecting the activation of voltage-gated Na ϩ channels. If no clear IPSCs were elicited in the postsynaptic PC, the traces were averaged to check whether a time-dependent component was revealed. If this was not the case, the postsynaptic recording was abandoned and a new potential postsynaptic target was tested. For successful PC-PC recordings, unless otherwise noted, presynaptic stimulations were applied at 4-s intervals.
Fluorescence Ca 2؉ Imaging. Fluorescence signals related to depolarization-driven Ca 2ϩ changes were studied in PC varicosities by using a homemade two-photon fast scanning system in which excitation was provided by a MaiTai Ti-Sapphire laser (Spectra Physics, Evry, France) set at a wavelength of 820 nm. Scan protocols were designed for image dwell times of 10-20 ms. Other details of scanning procedures and data collection have been detailed (18, 50) . The presynaptic internal solution described above was used in these experiments, except that Alexa dye was omitted and 100 M EGTA was replaced by 100 M of the Ca 2ϩ -sensitive indicator OG1 (Molecular Probes). PCs were held at Ϫ70 mV, and trains of 1-ms depolarizations to Ϫ10 mV were applied at 1-to 2-min intervals. Analysis of time-dependent fluorescence changes was performed in small regions of interest (ROIs) corresponding to putative boutons over PC somata or dendrites, as described for cerebellar MLIs (18, 50) . For each frequency explored, trains were repeated four to eight times, and signals from individual ROIs were averaged.
Data Analysis. Analysis of electrophysiological and Ca 2ϩ imaging data were performed off-line with homemade software routines written in the IGOR-Pro programming environment (WaveMetrics, Lake Oswego, OR). Values for IPSC onset delay, rise time, and decay time constant were obtained from averages of 20 consecutive sweeps (including failures). Some of the interpulse intervals explored were short enough such that the first IPSC had not returned to baseline before the second stimulation. Therefore, to estimate the paired-pulse ratio from IPSC averages, the current caused by the first IPSC at the time of the second IPSC peak was extrapolated from a single exponential fit of the IPSC decay and this value was subtracted from the peak current measured for the second IPSC. To study IPSCs' stochastic properties, 20-80 sweeps were analyzed. Individual peak amplitudes were measured as the difference between the average currents for two time windows: a 2-ms baseline window starting at the time of onset of the presynaptic action potential and a 1.5-to 2-ms window centered at the peak of the average IPSC. All difference values were included in amplitude histo-grams. The sweep-by-sweep analysis was repeated for the period preceding the IPSC, with two windows of 2-ms duration spaced at the same distance as that used for the IPSC peak analysis. The difference values were used to produce a blank measurement histogram. In each experiment, the fit of a Gaussian function to this histogram was used to derive the SD of blank measurements. In 10 cells analyzed in this manner, the SD was 7.3 Ϯ 1.2 pA. To determine failure rate, any sweep with peak amplitude less than twice this SD was declared a failure. Averages of all sweeps declared as failures were produced in each experiment to verify that no time-dependent component was present.
Statistical values are given as mean Ϯ SEM.
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